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EXECUTIVE SUMMARY

OBJECTVE

Investigate the potential of a novel laser source based on the neodymium
4F3/ 2 - 419/2 transition for operation at 486.1 nm, the Hp Fraunhofer wavelength.

Characterize this transition in Nd:YAG and also stimulated rotational Raman conver-
sion in H2, D2, and HD as critical steps in such a system.

RESULT

The efficiency of Nd:YAG at 946 nm is not inherently low, however, major efforts
would be required to solve or reduce the problems. The output at 946 nm was found
significantly limited at near ambient temperatures due to ASE losses at the high gain
1064 nm transition. Single pass rotational Raman conversion efficiencies of 65 to 80
percent were measured at 532 nm for the three hydrogen isotopes.

CONCLUSIONS

We should be able to demonstrate an efficient and scalable Nd:YAG laser source at
946 nm, however some means of reducing the ASE loss at 1.06 prm must be found.
Ideally, a 1.06-pm absorber would be codoped into the crystal host to reduce the gain.
Another method would be to segment the active media with filters to block the 1.06
pam and also pass 0.946 pm with high efficiency.

Raman conversion has been efficiently demonstrated in all three hydrogen isotopes.
In a space environment it should also be practical to operate a Raman cell at low tem-
perature since only a small fraction of laser power is dissipated in the gas. Three of
the systems identified in table 1 require a J=0->2 transition and would be possible at
lower temperatures.
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INTRODUCTION

There is a considerable interest in finding an efficient and long-lived laser/receiver
system for covert optical communication in the ocean environment. A major problem
with this technology is finding a suitable laser source with the appropriate wavelength
to match up with the best filter/receiver candidates in the blue-green spectral region
where the transmission in seawater is peaked. The cesium atomic-resonance filter at
455 and 459 nm has received the most attention to date. This filter has a very narrow
bandwidth, an isotropic field of view, and has demonstrated high-quantum efficiency.
However, a simple efficient laser source at these wavelengths does not exist. The best
candidates are considered to be the XeCl excimer laser with Raman shifting in hot
lead vapor (Rieger, 1986), a frequency tripled Nd:YALO laser with rotational Raman
shifting in D2 or H2 (Bowman, et al., 1989), or a frequency doubled Nd:YAG laser
pumping a Ti:Sapphire laser with the infrared output either frequency doubled or
mixed with 1.06 gtm from the Nd:YAG (Brown, et al., 1991). All of these approaches
are complex and require careful frequency control to maintain the precise wavelength
that is somewhat off the wavelength of the free-running laser. In addition, if the trans-
mitter satellite is in a low-earth orbit, the laser would require some degree of wave-
length control to compensate for a Doppler shift relative to the receiver.

Alternatively, Lyot type filters can be designed to operate throughout the blue-green
region. These filters generally tradeoff bandwidth with angular acceptance and the
operating bandwidth would not be expected to be as narrow as a filter based on
atomic transitions. However, if such a filter is combined with the broad Fraunhofer
dip in the solar background at 486.13 nm (Hp/ line) (Beckers et al., 1976), a noise
reduction of -4 can be achieved relative to the continuum. Figure 1 shows the
FWHM of this dip is more than 1 A, and the wavelength requirements of a laser
source here would not be as severe as the case with an atomic-resonance filter.

Laser diode pumped solid-state lasers have been widely demonstrated in the last
few years to exhibit efficiencies and lifetimes that are substantially improved over com-
parable flashlamp pumped lasers. On the other hand, electric discharge pumped
excimer lasers have not been widely used in the military environment due to their engi-
neering complexity. It seems clear that diode pumped laser systems will become
increasingly important in many military and commercial applications. Unfortunately,
apart from two-photon upconversion lasers (Nguyen, et al., 1990; MacFarlane, 1991),
there are no diode pumped solid-state lasers that operate directly in the blue-green
spectral region. Second harmonic generation of the strong 1.06-pim transition in neo-
dymium gives 532 nm which can be very useful, but is outside the optimum wave-
length region for underwater transmission.



Operation on the lower gain 4 F 3 / 2 --" 419/2 transition in neodymium is also possible
and would allow direct frequency doubling to the blue. Figure 2 shows the range of
laser wavelengths obtained from each of the 4F3/ 2 levels to the upper 419/2 level from
published data for a large sample of different neodymium doped laser materials
(Kaminskii, 1981). Generally, as the crystal field splitting of the ground state
increases, the wavelength increases as might be expected. Clearly, the number of dif-
ferent oxide host materials is much larger than the number of fluorides because of the
two bond coordination of oxygen. The wavelength of this transition in the oxides also
tends to be slightly longer for a given ground state splitting. In all these materials, the
terminal laser level is only a few hundred cm - 1 above the ground-state, and there can
be significant thermal population and therefore absorption at the laser wavelength.
Some specific wavelengths of interest are at twice the cesium resonances and at twice
the Fraunhofer H. absorption dip, 911, 919, and 972 nm respectively. There are a
number of possible 911-rm materials, however the ground state absorption is prohibi-
tive except at cryogenic temperatures (Hanson, et al., 1991). There are no known
hosts with sufficient crystal field to give emission at 972 nm.

The approach investigated in this project was to begin with a neodymium laser
operating at the longer wavelength end of the 4F3/2 -3- 419/2 range and use a combi-
nation of frequency doubling and Raman shifting to reach 486 nm. Several laser-host
materials were identified where the resultant output would be reasonably close to the
-4-Fraunhofer line. Table 1 lists some of the possible laser- and Raman-shift systems.
The second and third columns show the splitting of the terminal-laser level above the
ground state and the laser wavelength respectively. The appropriate Raman medium is
identified and the Raman shift is given. The process is either a Raman shift followed
by frequency doubling or the reverse. Finally, the wavelength tuning required to
exactly match the Fraunhofer dip is given. This dip is the wavelength error in the
infrared from the free-running laser output; the wavelength error for the blue output
would be about half of this value. The laser-tuning range for neodymium could prob-
ably extend over a few angstroms in most of these materials.

The class of garnet-crystal hosts, given by the generic formula A3B50 12 and typi-
fied by Y3A1 50 12 or YAG, allows a broad range of atomic substitution. A number of
garnets are represented in figure 2 where we see that the garnets have some of the
largest ground-state splittings. There is a good possibility that additional garnet materi-
als could be found that would give an even better match to the desired Fraunhofer
wavelength. However, the first step in the entire process is the demonstration of an
efficient Q-switched laser operating on this transition. Our first objective was to char-
acterize the Nd:YAG laser at 946 nm even though this output is 0.9 nm too long for
the process identified in table 1. The problems encountered with this laser would be
similar, and probably worse, in the other systems.
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Table 1. Possible two-step nonlinear approaches to reach 486.1 nm based on a
neodymium 4F3/2 - '19/2 laser. The process x2,R gives 2 0)L - OR and R,x2,
gives 2(0L - WR).

Crystal Host AE -'19/2 )(nm) Raman Medium WoR(cm - 1) Process AA(nm)
(cm-I)

LuAIO3  662 931.9 HD (1-. 3) 444.9 R,x2 0
Gd3 Sc2 A63O 12  808 942.2 CS2  658 x2,R 0.1
Lu3 Sc2Al3 O 12  808 942.2 CS2  658 x2,R 0.1
YScO3  709 955.5 D2 (0-*2) 179 R,x2 -0.1
Lu3AIO 12  878 941.3 CI-I3C 674 x2,R -0.1
Lu3AIO 12  878 947.3 HD (0- 2) 267.3 R,x2 -0.3
Y3A150 12  857 946.1 H2 (1-3) 590 x2,R 0.9
CaMgYGeO 807 939.7 H2 (0 - 2) 354 R,x2 -0.2
Y3Sc2Ga3 O 2  778 938.0 NO2  750 x2,R 0.0
Lu3 Ga5 O12  777 937.6 NO2  750 x2,R -0.4

Relatively high efficiencies with Nd:YAG have been achieved at room temperature
in low-power experiments at 946 nm by using small crystal lengths to limit the ground-
state absorption (Fan and Byer, 1987). In diode-pumped experiments with a 1-cm
Nd:YAG rod, 17 percent optical slope efficiency has been demonstrated at a tempera-
ture of -400C (Hays and Burnham, 1990). With flashlamp pumping of a 3-inch 1-
percent Nd:YAG rod in a refrigerated pump cavity at -63.50C, electrical slope efficien-
cies of-0.2 percent have been reported (Rankin et al.). The ground-state absorption
(GSA) and laser thresholds are clearly reduced at lower temperatures, however, the
required refrigeration energy is a major penalty to overall system efficiency. In this
work, we examined lower-doped neodymium rods as a means to achieve the lower
thresholds.

In addition, there was a lack of published data on efficient Raman shifting with the
listed materials. We know that efficient stimulated rotational Raman scattering (SRRS)
can occur in H2 and D 2 (Bowman, et al., 1989), however experimental details such as
gas pressure and pump thresholds are lacking. In this work, we characterized SRRS in
H2, D2, and HD. Frequency doubling of the -0.95-pm laser output is not considered
a problem and could be achieved using either KDP, BBO, LBO, etc.

NEODYMIUM 4 F 3 /2 -4 419/2 LASER MODELING

There are two considerable problems with laser operation in neodymium between
the upper 4F3/ 2 state to the ground 419/2 state. First, the gain is typically ten times
lower than at the strong transition at 1 p'm to the 4I1/2 state. Second, there can be
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significant absorption at the -0.9-pm laser wavelength due to ground-state population.
This absorption results in high-pump thresholds. The laser must be pumped well
above threshold to operate efficiently and at the same time parasitic oscillation or
amplified spontaneous emission (ASE) at 1 pn must be prevented. The temperature-
dependent absorption a in cm- ' at 946 nm in Nd:YAG is given by

e-E/kTch= Na (1)

where N is the neodymium number density, o is the cross section of the R1 *- Z5
transition, and Z is the partition function of the 41,92 manifold. We have taken
a = 4 x 10 - 21 in the calculations below (Fan and Byer, 1987). The temperature
dependence of a is shown in figure 3 for doping levels of 0.6 and 1 atomic percent,
where 1 atomic percent doping corresponds to N = 1.34 x 1021 cm - 3. The benefit of
the lower doping is apparent: at these temperatures, the ground-state absorption for the
lower doping is equivalent to the absorption for the higher doping at a temperature 30
to 40 degrees lower. On the other hand, the pump light will not be absorbed quite as
efficiently.

The laser threshold, Pth, can be written in terms of the combined cavity losses as

1
Pj = 2L- L- In(R)- In(x)], (2)

K2Lao

where K is a pumping-efficiency factor relating to the absorption of pump energy in
the laser rod, L is the rod length, R is the output mirror reflectivity, and x represents
all other factors in the round trip transmission of the laser cavity aside from GSA.

Nd:YAG LASER EXPERIMENTS

Figure 4 shows the experimental configuration. A close-coupled, diffuse-reflecting
lamp cavity was placed in a dry nitrogen purged housing and cooled with a water-
methanol mixture. For the results discussed below, a 3 inch by 0.25 inch, 0.6 atomic
percent Nd:YAG rod was used. All mirrors were flat and chosen to have high trans-
mission at 1.06 pm. Initially a prism was used to discriminate against 1.06-jm lasing,
however it was later found that two additional dichroic mirrors placed between the rear
high reflector and the laser rod, were sufficient to hold off 1.06 Pm in long pulse
operation. Three different output couplers were used. Figure 5 shows results with the
highest transmission mirror, T = 17.5 percent. The best slope efficiency, 0.42 percent,
was achieved with this mirror at 0°C. Figure 6 shows the laser thresholds with differ-
ent output reflectivities and temperatures. A calculated threshold using equation 1 and
2 and a round-trip cavity transmission of 0.854 is also shown and gives a reasonably
good fit to these results. The slope of the fitted lines is 54.1 Joules which corresponds
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to K = 3.0 x 1016 ions/Joule-cc in equation 2. Higher values of K would be expected
with higher doped laser rods.

Figure 7 shows the slope efficiencies for tie same 6 sets of data. For comparison,
the slope efficiency obtained at 1.06 gm was -2 percent. The limiting slope effi-
ciency at 946 nm (with no loss) should in principle be close to this value, however the
observed values are about half of what should then be expected.

The explanation for the low-slope efficiencies that we found is that a substantial
fraction of the neodymium inversion is lost at higher pump energies due to super-
radiance at 1.06 pm along the length of the laser rod. We measured the relative gain
in the laser rod as a function of lamp energy by measuring the sidelight fluorescence
intensity at 939 nm from the end of the rod at -45 degrees to the rod axis. The fluo-
rescence spectrum was collected with a EG&G reticon detector array which allowed the
relatively broad-lamp spectrum to be subtracted from the narrow fluorescence line. The
data shown in figure 8 are with all cavity mirrors blocked and clearly shows significant
single-pass ASE loss in the laser rod at higher lamp energy. At the highest pump en-
ergy, about 40 percent of the extrapolated gain is lost by this process.

STIMULATED ROTATIONAL RAMAN CONVERSION IN H2, D 2 , AND H

A systematic study was made of the relative performance of single-pass stimulated
rotational Raman scattering (SRRS) in the three molecular hydrogen isotopes, H2, D2,
and HD. For these simple diatomics, the energy in cm - ' of the rotational level J in
the ground vibration state can adequately be represented as (Herzberg, 1950)

Ej = hc[BoJ(J + 1) - D j2(j + 1)21. (3)

Table 2 gives values of the rotational constants. In the homonuclear diatomics H2 and
D2, two forms, ortho and para, are used to distinguish molecules depending on the
total nuclear spin. The ortho form generally refers to the more abundant species and
for hydrogen, these are the molecules having a symmetric nuclear-spin function and
antisymmetric-rotational functions. Thus, ortho hydrogen can have only odd J values
and para hydrogen even J values. For D2, the opposite is tue and the even J states
are more common. Transitions between these classes are usually quite slow and
require some magnetic perturbation. There are no symmetry restrictions for HD - all J
states are equally accessible.
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Table 2. Spectroscopic parameters for hydrogen.

Hydrogen Bo(cm-1) De(cm - 1) Im Nuclear J values
Molecule degeneracy

H2 59.32 0.0471 0 1 even
1 3 odd

D2 29.90 0.0114 0,2 6 even

1 3 odd

HD 44.66 0.0261

Raman transitions J -> J + 2 give rise to different Stokes lines S(J) in the scattered
light spectrum on the long wavelength side of the pump. The factors affecting the
relative rotational Raman gain at the Stokes wavelength A, for the different hydrogen
molecules are given by (Rokni and Flushberg, 1986)

g AN (J+1)(J+2) (4)
AgAv (2J + 1)(2J + 3)

Scattering is in the forward direction and the generated Stokes wave is circularly polar-
ized opposite to the pump wave. Here AN is the temperature-dependent population
factor between initial state J, and final state J2

AN = N1 - N2 21 + 1 (5)

and 2J2 +1

N j = > 1 (21m + 1)(2J + 1)e-EJ/kT, (6)
ZR 1.

is the equilibrium population of the J level for a total number density p. The summa-
tion is over the allowed values of the total nuclear spin Ia, and

ZR = (21m + 1)(2J + 1)e-J/kT, (7)

is the rotational partition function.

The linewidth Av depends on temperature and density and is, in general, different
for each transition in each of the gases. At low density the Raman lineshape is Gauss-
ian due to Doppler broadening. At densities above a critical value, the lineshape is
Lorentzian and the linewidth for each transition can be described by a diffusion model
(Bischel and Dyer, 1986) where
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Av = A/p + Bp. (8)

The critical density is less than 1 amagat (- 2.7 x 1019 cc- ') for the first few Stokes
lines in H2 and is expected to be even lower for the heavier isotopes. A minimum
linewidth given by (A/B)/ 2 is the result of collisional narrowing. This occurs for the
S(1) line of H2 at 0.23 amagat.

The gain predicted from equation 5 using this model scales as p lAy which
increases with density and gradually reaches a limiting value at higher density. Above
one amagat, the dominate broadening of the first few lines is due to B and is essen-
tially linear in p . This coefficient has been measurea (Van Den Hout, et al., 1980)
for the first few transitions in each of the gases and values are listed in table 3. B is
much larger for HD than for either H2 or D2. Both A and B have some temperature
dependence. For the first three Stokes lines, B decreases by less than 50 percent for
H 2 and D 2 and about a factor of 3 for HD frcm 300 to 77 0K. Also, the linear broad-
ening generally decreases with increasing J, however the relative magnitude is less than
50 percent from S(0) to S(3).

Table 3. Collision broadening coefficients, B(MlHz m3/mol).

Gas S(0) S(1) S(2) S(3)

H 2  0.94 1.17 0.83 0.85

D2 1.88 1.50 1.39 1.14

HD 9.6 8.5 7.4 6.1

The dominate factor in the gain, gAv/N, was calculated for the first few rotational
lines in each of the three gases in thermal equilibrium as a function of temperature.
Figure 9 shows the results at 300K. The S(1) line in H 2 at 588 cm - 1 is clearly
expected to have the largest gain. In D2 and HD, the largest gain is predicted for S(2)
at 415 cm - 1 and S(1) at 443 cm - 1, respectively. Figures 10 through 12 show the tem-
perature dependence of the different lines. At low temperatures, the dominate line
will become S(0) for each of the isotopes. This line should happen at -100 0 K for H 2

and -2000K for D2 and HD.

Figure 13 shows the experimental arrangement used to measure the Raman conver-
sion from a 532-nm pump. Pulses at 10 Hz from a frequency doubled Nd:YAG laser
were circularly polarized with a 1/4 plate and focused near the center of a 1-meter
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long gas cell. A beam-splitting plate was placed before the focusing lens and sent a
small sample of the pump into an integrating sphere and photodiode detector. This
sample was calibrated with a Scientech power meter to give the pulse energy incident
on the lens. The cell had flat uncoated windows. All of the light exiting the cell was
captured by a second integrating sphere and a fiber-optic bundle brought a sample of
the output to a 0.5-meter spectrograph and silicon detector array.

At high-pump energy, and especially with the longer focal length lens, many lines
might be observed in the output. The Stokes line S1(J) with highest gain would reach
threshold first and with increasing pump energy, could then, in turn, generate a second
order Stokes line S2(J) at longer wavelength, etc. Also, a vibrational Raman line could
usually be observed at some point. The Raman conversion efficiencies described
below were effectively the fraction of the pump light at 532 nm that entered the cell
and was converted to the first rotational Stokes wavelength S1 (J). The following proce-
dure was used. The wavelength-dependent response of the integrating sphere, fiber
optic, and spectrograph was calibrated with a tungsten halogen lamp over a range
around the pump wavelength from the first anti-Stokes (AS1) to a few Stokes orders.
A program was written to automatically integrate a number of selected wavelength
peaks (e.g., AS1, P, SI, S2) for -200 pulses at each pump energy. The sum intensity
of the selected peaks was found to be linear with pump energy up to a certain level
until another process, such as vibrational Raman, began to occur. Sufficient data was
taken at low energy to ensure that a good correlation between incident pump energy
and peak summation could be made. The conversion efficiency to S(J)1 could then be
based entirely on the incident pump energy for all values by using this correlation.

Figures 14 and 15 show the Raman conversion efficiencies S(1) at 549 nm for H2.
With a 50-cm focusing lens, a maximum conversion of -80 percent was obtained for
all pressures. As the pressure is increased, the threshold decreases and the maximum
conversion occurs at lower pump energy. Higher order S(1) processes begin at lower
pump energies and cause the S(1) efficiency to fall off earlier with increasing pump.
This increasing effect was more pronounced with a longer 100-cm focusing lens. Here,
a threshold of -10 mJ was obtained, however the maximum conversion was only -60
percent.

The results for D2 and HD are shown in figures 16 and 17 respectively. The gain
for these gases was significantly less than for H2 and a 100-cm focusing lens was used
for most of the work. The S(2) threshold in D2 at 544 nm is about half the value for
S(1) in HD at 545 nm. This is consistent with the much larger linewidth for HD.
Maximum conversion was -75 percent for D2 and 64 percent for HD.
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CONCLUSION

We should be able to demonstrate an efficient and scalable Nd:YAG laser source at
946 rum, however some means of reducing the ASE loss at 1.06 Pm must be found.
Ideally, a 1.06-p}m absorber would be codoped into the crystal host to reduce the gain.
Another method would be to segment the active media with filters to block the 1.06
pum and also pass 0.946 pm with high efficiency.

Raman conversion has been efficiently demonstrated in all three hydrogen isotopes.
In a space environment, it should also be practical to operate a Raman cell at low tem-
perature since only a small fraction of laser power is dissipated in the gas. Three of
the systems identified in table 1 require a J=0->2 transition and would be possible at
lower temperatures.
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